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ABSTRACT: The vulnerability of industrial plants to natural hazards has made the world worried
because of countries’ general disability about the prediction of the level of effects and preparedness for
the consequences of these types of events. For this purpose, seismic assessment of plant equipment is
a strategic issue. One of the most equipment that is used in most oil & gas plants is stack flares. Stack
flares are a type of stacks that are used for burning additional flammable gases before causing any other
problem for other plant facilities. Proper seismic assessment of this type of equipment has been missed
in the past and its exact performance evaluation can be effective in determining probable damages in
future earthquakes and distinguishing the weakness of components of this type of structure. In this study,
probabilistic seismic behavior of two designed and constructed stack flares is investigated and using
incremental dynamic analysis their fragility curve and behavior factor are calculated. Results show that
in ordinary intensities, the seismic demand of these structures is not considerable but in the range of
rare intensities, extreme damages are probable. Also, in the above case studies, the performance of the
4-sided stack with respect to 3-sided stack was more proper and seems more assessment is needed on the

Review History:

Received: Oct. 11, 2021
Revised: Mar. 12, 2022
Accepted: Mar. 15, 2022
Available Online: Apr. 06, 2022

Keywords:

Seismic assessment
Incremental dynamic analysis
Fragility curves

Behavior coefficient

Stack flare

suggested behavior factor by codes.

1- Introduction

One of the equipment used in the majority of oil and gas
industries is stack flare, which is used to secure industrial
equipment against overpressure by releasing and burning
gases [1]. Given the need for risk assessment to take
precautionary measures in industrial facilities and the need
for information on the collapse of structures in different
PGAs, the development of fragility curves is essential for all
structures in industrial plants [2], however, no comprehensive
research Has not studied the seismic behavior of stack under
real accelerograms, and no information is available on the
behavior of these structures at high seismic intensities.

The focus of this research is on recognizing the seismic
behavior of the stacks supporting structures and calculating
their coefficient of behavior. For this purpose, two stack
equipment were selected as a case study, and seismic
assessment was performed using incremental dynamic
analysis and extraction of fragility curves. Behavior
coefficients under earthquake records are also calculated and
presented for case studies.

2- Case studies details

The first sample located in Iran, Khuzestan province, is
a 3-sided stack with a height of 93 meters, which supports a
chimney with a height of 94.5 meters. This stack is located in
an area with base design acceleration A = 0.25 g with SD soil
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type according to UBC97 code, and the seismic load for the
mentioned structure is also in accordance with this mentioned
code. The 2™ sample is a 4-sided stack located in Iran,
Bushehr-Assaluyeh province, with 86 meters height, which
supports a chimney with 89 meters height. The base design
acceleration A=0.5 g with soil type C according to IBC 2009
code, and the earthquake load is also calculated according to
the same code. Figure 1 shows the exact dimensions of the
stacks and sections used in height.

The connections in both models are welded and modeled
continuously. Such an approach has been used in Tian studies

[3].

3- Details of Finite Element Model

Since the lateral stability of the stacks is provided by a
braces structure, which consists mainly of pipe members, and
due to the slender of these members, the failure mode is usually
buckling mode, so the seismic performance is controlled by
pipe members buckling. The basis for accurate prediction of
structural response is the stress-strain relationship governing
the behavior of materials.

Marshall push theory gives a seven-line model as shown
in Figure 2 to predict the ultimate strength of braced steel
structures, in which the member failure mechanism is based
on a local buckling estimate [4].
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Fig. 3. IDA curves with summarized diagrams for the
first sample

4- Methodology

Using Visual Basic coding language for Excel (VBA) and
its interaction with SAP2000, an IDA was performed for both
models under 20 accelerograms, and IDA curves as shown
in Figure 3 were obtained for both models. In the existing
codes and articles, there is no specific value or method to
determine the limit state values of flare equipment. The
pushover analysis is conducted to acquire the corresponding
thresholds for different limit states. The first limit state
(serviceability) requires the tower remain in the elastic
stage during the earthquake. The third limit state (collapse
prevention) in the pushover curve, corresponds to the point
that a small increment of lateral force results in a significant
increase of drift value and finally by considering the damage
control level, equal to 0.75 of collapse prevention level, the
limit states are determined. This approach has been used in
some other studies [5].
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Fig. 4. Fragility curves for the first sample

5- Results

By reviewing the results, it was observed that the resulting
fragility values for both samples are close to each other. Also,
the structures have a tiny probability of failure within the
code’s earthquake intensities, but for strong ground motions
(high-intensity earthquakes), failure of these structures is
likely.

Regarding the studied structures, assuming a normal
distribution for the obtained data, close median and dispersion
for both structures were observed in the results of ductility
and over-strength coefficients. This similarity indicates the
possibility of considering a single behavior coefficient value
regardless of the number of sides.

6- Conclusions

The produced fragility curves show the seismic safety of
this type of structures (concerning probability values close to
zero) for all limit states in the range of earthquakesup to 0.5 g,
while the earthquake in the region is 0.35 g and the probability
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of exceeding the state is very low. The main reason for this
result is the low mass of the structure and consequently, low
seismic effects compared to the effects of wind load in the
design of these structures. The result is acceptable due to the
prevailing wind load for the design of these structures and is
compatible with reports [5].

The obtained values of extra strength coefficient, ductility
coefficient, and behavior coefficient for the first sample were
2.35, 1.16, and 2.75, respectively, and for the second sample
were equal to 2.44, 1.27, and 3.12, and it was observed that
the difference in the number of stack sides do not have much
effect on the value of the behavior coefficient and equal
behavior coefficient can be adopted for this type of structures.
The calculated behavior coefficient for the 3-sided stack is
4% higher and for the 4-sided stack is 8% less than the code
regulation value and it seems that the code regulation value
is appropriate.

It is worth mentioning that the results are based on a case
study on two samples of stack, and to express these results
with more certainty, it is necessary to study a wider range of
various types of these structures at different heights.
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Fig. 5. Comparison of the experimental and finite element model pushover analysis results
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Table 3. selected ground motion records

o los 395 0| Sbey  Jl Gy
1 Northridge Beverly Hills-Mulhol D 1994 6.7
2 Northridge Canyon Country-WLC D 1994 6.7
3 Duzce, Turkey Bolu D 1999 7.1
4 Hector Mine Hector C 1999 7.1
5 Imperial Valley Delta D 1979 6.5
6 Imperial Valley El Centro Array # 11 D 1979 6.5
7 Kobe, Japan Nishi-Akashi C 1995 6.9
8 Kobe, Japan Shin-Osaka D 1995 6.9
9 Kocaeli, Turkey Duzce D 1999 7.5
10 Kocaeli, Turkey Arcelik C 1999 7.5
11 Landers Yermo Fire Station D 1992 7.3
12 Landers Coolwater D 1992 7.3
13 LomaPrieta Capitola D 1989 6.9
14 LomaPrieta Gilroy Array # 3 D 1989 6.9
15 Manjil, Iran Abbar C 1990 7.4
16 Superstition Hills El Centro Imp. Co D 1987 6.5
17 Superstition Hills Poe Road (temp) D 1987 6.5
18 Cape Mendocino Rio Dell Overpass D 1992 7
19 San Fernando LA-Hollywood D 1971 6.6

20 Friuli, Italy Tolmezzo C 1976 6.5
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Fig. 6. Response spectrum of the scaled accelerograms and mean response spectra
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Fig. 7. Pushover curve and considered limit state values for the first sample
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Fig. 8. Pushover curve and considered limit state values for the second sample
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Table 4. Fragility curves parameters considering nor-
mal distribution

e Gl 2! ale ol
0.17 0.68 SA
0.30 1.44 DC Jsl iges
0.25 1.84 CP
0.16 0.81 SA
0.22 1.49 DC p93 diges
0.25 1.91 CP

Cuoglilo aBLS! g (6 0s IS el pd (5 5lof (gl il )y D Jgu>

Table 5. Statistical parameters of ductility and over strength coefficients
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Table 7. Second sample over strength coefficient, ductility coefficient and behavior coefficient values

NO DM Ve Vy Vs Rs Rp R
1 0.0203 160.347 159.749 2281 1.004 2.289
2 0.0203 142.974 142.252 2.031 1.005 2.041
3 0.0203 234.962 196.538 2.806  1.196 3.354
4 0.0203 116.511 114.849 1.64 1.014  1.663
5 0.0203  309.587 196.882 2811 1572 442
6 0.0203 163.941 141915 2026 1.155 234
7 0.0203 150.218 131.85 1.882  1.139 2.145
8 0.0203 168.206 167.135 2386 1.006 2.401
9 0.0203 217.05 215.693 20,047 3.079  1.006 3.099
10 0.0203 163.077 159.547 ’ 2278  1.022  2.328
11 0.0203 185.089 176.348 2.518 1.05  2.642
12 0.0203 176.841 175.387 2.504  1.008 2.525
13 0.0203 122.218 84.396 1.205  1.448 1.745
14 0.0203 132.831 131.122 1.872  1.013 1.896
15 0.0203 207.945 178.625 2.55 1.164 2969
16 0.0203 277.139 259.672 3.707  1.067 3.956
17 0.0203 397.725 185.587 2,649 2143  5.678
18 0.0203 156.598 156.038 2228 1.004 2.236

AVERAGE 23584 1.1676 2.754
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